INTRODUCTION
Lymphocytes in peripheral blood are functionally as well as morphologically heterogeneous (1) . Laboratory experiments in animals, and various clinical abnormalities show that one subpopulation of lymphocytes is thymus dependent (T lymphocytes)' and is critical to the manifestations of cellular immunity (2, 3) , while another subpopulation is bursa or bone marrow derived (B lymphocytes) and is responsible for development of humoral immunity (4, 5) . The existence of a third subpopulation of immature, less differentiated, circulating lymphocytes is still questionable because suitable methods for identifying such cells are less well defined. The separation of these two or three subpopulations of lymphocytes in relatively pure form is of both theoretical and practical interest.
Because the presence of the theta antigen marker on the surface of murine T lymphocytes (6, 7) makes identification of such cells feasible, analogous markers are being sought for human T cells. We have applied the technique of discontinuous albumin gradient centrifugation to human peripheral blood in an attempt to assess the number, function, and distribution of different sub-populations of circulating lymphocytes in normal individuals and boys with X-linked agammaglobulinemia.
METHODS Purification of peripheral blood lymphocytes (PBL).
Heparinized blood obtained from healthy adult donors was sedimented for 1 h in the presence of dextran. Leukocyterich plasma was separated and transferred to a 50 X 3 cm glass column half-filled with glass beads and prewarmed to 370C. The cell suspension was allowed to soak through the glass bead layer for 30 min and eluted with several volumes of medium 199 (8) . The eluate consisted of a cell suspension containing more than 90% lymphocytes. Viability was determined by trypan blue exclusion. In some experiments, blood obtained from a single donor was divided into two portions. Lymphocytes were purified from one portion by the above method, and from the second in a Ficoll-Hypaque gradient (9) . 4 parts of 9% Ficoll. The tubes were centrifuged at 400 g and room temperature for 40 min. The leukocytes at the interface were collected, washed twice in medium 199, resuspended, and tested for viability. Total and differential cell counts were determined.
Fractionation of cells on gradients of bovine serum albumin (BSA). Gradients were prepared by the modification of the method of Dicke et al., as described by August, Merler, Lucas, and Janeway (10) . The gradients were formed in 16 X 125 mm sterile plastic tubes by layering 1 ml of the albumin solutions in 2% decrements, starting with 35% and ending with 19%o solutions. 5 X 108 cells were suspended in 1 ml of 17% BSA and layered on top of the gradient. Tubes were centrifuged at 10'C and 900 g for 45 min. Nine fractions were obtained: fraction 1 represents cells at the interface between the 17 and 19% albumin, and fraction 9, those between 33 and 35% albumin.
Cells from each fraction were collected from the interface with a Pasteur pipette, washed twice in medium 199, and then diluted to a suitable concentration in complete RPMI-1640 culture medium. For each of the fractions, cell viability was determined, and coverslip smears were made and stained, with Wright's stain.
Colony-forming units (CFU). Fractionated lymphocytes were assayed for colony-forming units (CFU) by a modification of the method of Metcalf (11) . Complete Dulbecco's medium with 20% fetal calf serum and antibiotics (50 U/ml penicillin, 50 gg/ml streptomycin, 50 U/ml mycostatin, and 50 ,ug/ml kanamycin) was supplemented with 20% complete Dulbecco's medium that had been removed from 3-day cultures of HeLa cells and filtered through 0.45 A filters (Millipore Corp., Bedford, Mass.). Two ml of a 0.8% agarose solution were plated out in 60-mm tissue culture Petri dishes and overlaid with 1 X 106 fractionated lymphocytes dispersed in 1 ml of 0.3 agarose. An additional 1 ml of 0.3% agarose was added every 3 days. The number of CFU was counted with an inverted microscope at 4, 7, and 10 days.
Determination of spontaneous cellular mitotic activity and of cellular response to mitogens. Cells were suspended in complete RPMI culture medium at a final concentration of 1 X 108 cells/ml. Rosette formation by PBL. Erythrocyte (E) intermediates EA, EAC14, and EAC1423 (subsequently referred to EAC3) were prepared using human components of complement (15) and adjusted to a final concentration of 0.5% in phosphate-buffered saline (PBS). Lymphocyte suspensions previously treated with 0.87% NH4C1 to lyse red blood cells were adjusted to 2 X 100 cells/ml in PBS containing 10% serum from a donor with type AB Rh+ erythrocytes, and absorbed 3 times with sheep erythrocytes.
Equal volumes of lymphocyte and E or. E-intermediate suspensions were incubated for 30 min at 370C, centrifuged at 200 g for 5 min at 10'C, and the pellets incubated at O°for 1 h. Cells were then resuspended and examined microscopically. Lymphocytes intimately associated with more than four erythrocytes were considered to have formed rosettes. A total of four chambers in an improved Neubauer hemacytometer (3.6 mm) were examined to define the percentage of rosette-forming lymphocytes (16) .
Purification of EAC3 rosette-forming cells. After incubation of 10 X 106 lymphocytes with EAC3 as described above, cell pellets were resuspended in 1 ml of RPMI and layered on a simple albumin gradient consisting of two layers (33 and 23% BSA), each 1.5 ml. The gradient was centrifuged at 15,000 g for 30 min at 4VC. Lymphocyte-EAC3 rosettes, sedimenting at the bottom of the gradient, were dissociated by treatment with a 1: 10 dilution of goat antihuman C3 for 30 min at 370C (17) .
Study of PBL from patients with X-linked agammaglobulinemia. PBL from six boys with proved X-linked agammaglobulinemia aged 5, 9, 13, 14, 15, and 21 yr were fractionated on BSA gradients and studied for cell distribution, in vitro response to mitogens, rosette formation with sheep cell intermediates, and immunofluorescent staining. In each of the six boys, the diagnosis of X-linked agammaglobulinemia was made on the basis of the following criteria: early onset of the disease, circulating levels of immunoglobulins below 1 mg/ml, histology of antigenstimulated lymph nodes showing absence of germinal centers of follicular structures and plasma cells, and presence of affected lateral male relatives (uncles and nephews).
PBL from four boys with probable X-linked agammaglobulinemia aged 8, 12, 17, and 19 yr were studied in the same fashion. One of the four boys had an affected brother. In the remaining three patients, there was a negative family history of the disease. In each of the four boys, the diagnosis of probable x-linked agammaglobulinemia was made on the basis of very early onset of disease and on the basis of the histology of antigen-stimulated lymph nodes which showed absent germinal centers and absent plasma cells.
Reagents and culture media. Preservative-free sodium heparin was obtained as Panheprin (20, (1.9 Ci/mmole) and ['I]sodium iodide of high specific activity were obtained from New England Nuclear, Boston, Mass. Agarose was obtained from Marine Colloids, Rockland, Maine. Sheep erythrocytes in Alsever's solution, mycostatin, kanamycin, and penicillin-streptomycin mixture (5,000 U/ml) were purchased from Microbiological Associates, Bethesda, Md.
Medium 199, Dulbecco's medium, and fetal calf serum were products of Microbiological Associates. Complete RPMI culture medium for lymphocyte cultures was made by adding 18 ml of heat-inactivated serum from a donor with type AB Rh+ erythrocytes and 2 ml of penicillinstreptomycin mixture to 100 ml of RPMI-1640 medium obtained from Grand Island Biological Co., Grand Island, N.Y.
RESULTS
Fractionation of peripheral lymphocytes in BSA gradients. There was excellent (80-90%) recovery of lymphocytes from peripheral venous blood after passage through glass beads; the resulting suspension contained more than 90% lymphocytes, the remainder being neutrophils and a few monocytes. The distribution of cells in nine fractions obtained from the BSA gradients is shown in Fig. la . Recentrifugation of any single fraction in a second BSA gradient always resulted in a reproducible pattern. Fraction 4 always contained more than 50% of the total number of lymphocytes recovered from the gradient, and fraction 6 never exceeded 10%.
Microscopic examination revealed that cells from the top of the gradient (fractions 1-3) were mainly mediumand large-size lymphocytes 9-12 um in diameter with a fair amount of cytoplasm (30- Their size ranged from 7 to 9 /Am, and they had scant cytoplasm. Fractions 6-9 consisted exclusively of very small lymphocytes, 7 Am in diameter, with very scant cytoplasm. Contaminating neutrophils were found in the lower fractions, 7 and 8, while the few contaminating monocytes remained in the uppermost fractions, 2 and 3.
Erythrocytes sedimented in fractions 8 and 9.
Lymphocyte spontaneous mitotic activity and response to mitogens. Cells in the upper fractions, 1-3, had the highest initial rate of DNA synthesis (T.) (Fig. lb) .
As shown in Fig. lb , they continued to have a high rate of thymidine incorporation after 6 days in culture in the absence of any mitogen. Cells from the middle and lower parts of the gradient had a low T.; the lowest T. values were obtained from cells in fractions 6-9.
After stimulation by either PHA or PWM, cells from each of the nine fractions exhibited increased [8H]thymidine incorporation (Fig. ic) . When results were ex- anti-Fc antisera were those found in layers 6-9 (Fig.  2d) . The predominant staining pattern was one of speckles uniformly distributed in a ring pattern. A number of lymphocytes exhibited fluorescence concentrated at one pole (cap formation). Separation of EAC3-reactive from EAC3 nonreactive lymphocytes in fractions 6-9 of the BSA gradient. As shown in Table III , EAC3-reactive lymphocytes formed the majority of cells found in fractions 6-9, stained heavily with anti-Fc antiserum (78%), and failed to respond to PHA (SI 3.1). Treatment of lymphocyte-EAC3 rosettes with the anti-C3 antiserum resulted in the recovery of only 20% viable lymphocytes which also failed to respond to PHA. The PHA response exhibited by cells in fractions 6-9 was accounted for by a minor population (22%) of EAC3-nonreactive, nonimmunofluorescent, PHA-responsive lymphocytes.
Behavior of PBL in X-linked agammaglobulinemia. In five of the six cases with proved X-linked agammaglobulinemia and in two of the four cases with probable X-linked agammaglobulinemia, unfractionated lymphocytes failed to form rosettes with EAC3 and to stain with fluorescent antisera to Fc, IgG, and IgM (Tables IV and  V) . After BSA gradient centrifugation of PBL from the seven patients with absent immunofluorescent cells, less than 1% of the cells sedimented in fractions 6-9 of the gradient (Tables V and VI , and Fig. 3 ). In normal individuals, 10-15% of PBL are found in these same fractions. In all seven cases, the few lymphocytes found in fractions 6-9 failed to stain with fluorescent antisera or to form rosettes with EAC3 (Table IV) . PBL from one patient (D.P.) with proved X-linked agammaglobulinemia and from two of the four patients with probable X-linked agammaglobulinemia showed a normal distribution after BSA gradient centrifugation, and contained a normal number of fluorescent cells and of EAC3-reactive cells (Tables IV, V , and VI). Lymphocytes from all patients responded normally to stimulation with PHA and tetanus toxoid and formed normal numbers of rosettes with sheep erythrocytes (Table IV) . 
DISCUSSION
It is possible to separate human blood lymphocytes into three functionally distinct subpopulations by the technique of density gradient centrifugation. Of these subpopulations, one is rich in immature, poorly differentiated cells; another, in T lymphocytes; and the third, in B lymphocytes.
Cells found in the uppermost fractions (1-3) of the BSA gradient exhibit progenitor cell characteristics. These are large size, very high spontaneous rate of DNA synthesis (Fig. lb) , diminished responsiveness to mitogens (Table II) , and the unique ability to give rise to CFU when cultured in semisolid medium (Table I) . The exact nature, as well as the exact number, of CFU precursor cells are unknown. Morphologic study of the cells found in 7-day-old colonies was unrevealing, as these cells still looked very immature and failed to stain with myeloperoxidase. It is possible that these cells might dif- bone marrow, but do circulate in small numbers as evident from the ability of peripheral blood buffy coats to reconstitute lethally irradiated dogs and monkeys (19, 20) . The exact number of circulating CFU precursor cells is difficult to determine. (Fig. 3b) (22, 23) ; moderate uptake of antigen (Fig.  3a) (24) ; and the secretion of at least one cellular mediator for which we have assayed; namely, mitogenic factor.3 Cells in fractions 6-9 of the gradient constitute less than 15% of the total number of circulating lymphocytes and exhibit B cell characteristics. These are immunofluorescent staining with anti-IgG and anti-Fc antisera (Fig. 3d) (25) (26) (27) , rosette formation with EAC3 ( Fig.  3c) (10) , and absent proliferative response to antigenic stimuli (Fig. id) despite a high affinity for antigen (Fig. 3a) . Because Five of the six boys with proved X-linked agammaglobulinemia, where the definitive diagnosis was made on the basis of affected lateral male relatives (uncles and nephews), were found deficient in lymphocytes sedimenting in fractions 6-9 of the gradient. None of these five had lymphocytes capable of immunofluorescent staining with anti-IgG and anti-Fc antisera or capable of rosette formation with EAC3. The sixth patient, D. P., behaved differently. He had a low-normal number of immunofluorescent cells and of EAC3-reactive cells, and his PBL showed a normal distribution after BSA gradient centrifugation. The laboratory findings in D. P. show some peculiar features. On several occasions, he had low levels of IgA (16 mg/100 ml) and of IgM (25 mg/ 100 ml). These levels were never found in any of the other five boys.
Of the four boys with the diagnosis of probable X-linked agammaglobulinemia, two had no circulating B lymphocytes and two had a normal to high-normal number of circulating B lymphocytes. In none of these four boys was the diagnosis of X-linked agammaglobulinemia proved by family genetics. In all four, the clinical picture and the lymph node biopsy were indistinguishable from what was found in the boys with verified X-linked agammaglobulinemia.
Although a number of investigators have also looked into the PBL of agammaglobulinemics for B lymphocytes using either immunofluorescent staining (28) (29) (30) (31) formation with EAC3, and gradient centrifugation.
In conclusion, BSA gradient centrifugation separates human blood lymphocytes into three functionally distinct subpopulations rich in progenitor cells, T cells, and B cells, respectively. The method takes advantage of differences in cell densities and electrophoretic mobilities, the lowermost layers of the gradient having a much lower pH (5.1) than the uppermost layers (7.2). In the mouse, separation of B from T cells has been accomplished on the basis of their differing mobilities in an electric field (33) . It is evident that the three subpopulations obtained by density gradients are not homogeneous. A further step toward attaining homogeneity of lymphocyte populations is achieved when BSA gradient centrifugation is followed by separation of B from T cells on the basis of their EAC3 reactivity. The simplicity of the method and its applicability to large numbers of lymphocytes make it a useful tool for the in vitro study of human T and B cell behavior and interaction in health and disease. This is exemplified by its application to the study of circulating B cells in the blood of boys with X-linked agammaglobulinemia.
